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Abstract 
A non-negligible amount of water is unsustainable, which is rising in a tendency. As the majority of water usage is 
for agriculture, irrigation optimization plays a key role in water sustainability. This paper produced a tool to simulate 
irrigation demand for large-scale geographies and time scales. Simulations were hold on 20 genotypes of a crop 
sunflower, 25 European farming regions and a time span from year 1951 to 2100. These results provide insights into 
the impact of farming regions and crop genotypes on irrigation, and into irrigation demand evolution for researching 
future water management. We propose a way of optimizing irrigation water usage by selecting crop genotypes and 
farming regions, whilst taking harvest yield constraints into consideration.  
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1. Main text  
The supply of water, an essential resource for agriculture and industry, is under threat. Towards 35% 
of human water usage is unsustainable and this percentage is likely to increase [1]. Water security and 
food security are inextricably linked. Agricultural behaviors have significant impacts on the global water 
cycle [2], especially irrigation, accounting, for example, for about 80 percent of global water consumption 
in 1995[3]. Population and income growth will boost demand for irrigation water to meet food production. 
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From 1961 to 2001 water demand doubled - agricultural use increased by 75% [4]. By 2025, global 
population will likely increase to 7.9 billion, which will translate to even greater water demand [3]. 
Therefore, the study of irrigation optimization significantly influences water sustainability and 
agricultural sustainability.  
This paper is concerned with two questions related to irrigation optimization. The first is to produce 
knowledge of irrigation demand under various scenarios. Water management relies on reasonable 
information on water availability as well as on water demands by different sectors. Estimation of 
irrigation demand at large scale is therefore a key need for more precise water management [5]. The 
second problem is to optimize irrigation demand under the requirement of a satisfactory harvest. Besides 
irrigation techniques, two determinants significantly affect irrigation demand: these are drought tolerance 
capacity of genotypes and environmental conditions of farming regions. The usage of irrigation could be 
significantly reduced by appropriate selections of crop genotypes and farming locations. To address these 
two questions, our investigation relies on a spatially distributed modeling of crop growth and water 
balance. We propose a tool to simulate irrigation demand and carry out a preliminary study on large 
scenarios. These simulations thus provide affluent knowledge of geographical, genotypic and time 
influences on simulated irrigation demand, which provides materials for water sustainability and 
sustainable agricultural study. These simulation results are useful for the study of irrigation optimization 
and enable us to analyze advantages of specific genotype and farming region, in order to give 
recommendations in term of irrigation saving and strong harvest yields for irrigation water management 
and agricultural strategy decisions. An interesting contribution of this research is the effect of crop 
genotype diversity on irrigation demand, whereas previous studies tend to focus on irrigation intensity of 
various farming regions. Due to the large variation of irrigation demand over different genotypes, 
research on irrigation optimization needs to consider both genotype and farming region diversity.  
2. Material and Methods 
2.1. Irrigation Demand Simulation  
A plant growth model SUNFLO [6] [7] is the core to simulate sunflowers’ growth, with considering 
environmental impacts and genotype diversity. It models plant functions, such as photosynthesis, 
morphogenesis, transpiration, biomass production, and biomass distribution. Its water cycle is mainly co-
functioned by root water absorption and transpiration from the plant side, and rain, irrigation, and 
evaporation from the environment side (see Figure 1). Irrigation information is integrated to analyze 
agricultural water use and agricultural impacts on water resources.  
 
 
Fig. 1. (a) Left picture: water cycle in SUNFLO model; (b) Right picture: three soil layers C1, C2 and C3 in SUNFLO model. 
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Fig. 2. (a) Left picture: FTSW value in plant growth period in the scenario with irrigation; (b) Right picture: without irrigation 
A variable FTSW, named “fraction of transpirable soil water”, represents the crop water stress. Its 
value ranges from 0 to 1. The bigger the value is, the more water deficiency the crop has. Depending on 
genotypes and plant functions, a critical value determines the plant drought tolerance. For example, for a 
sunflower genotype “Albena”, the critical value of radiation usage efficiency is 0.32. When FTSW is 
below 0.32, the radiation usage is badly affected. The calculation of FTSW is explained below. Soil is 
modelled into three layers: C1, C2 and C3 (mm) (Firgure1). The depth of C1 is fixed to 300 mm. C2 is 
1mm at the beginning. After the root is longer than C1, C2 increases following root length. The total soil 
depth, which has influence on crop, subtracts C1 and C2 to get C3. The FTSW each day FTSW(t) is a 
ratio between available soil water for crops (ASW(t)) and maximal available soil water (MSW(t)). MSW(t) 
is sum up of maximal available soil water of layer C1 and C2. It’s determined by soil humidity capability 
(Hcc, %), the humidity at permanent wilting (Hpf, %), bulk density (da, g/cm-3) and Index of extraction 
plant water (IE_gen) in Eq. (1). ASW(t) is sum up of available soil water for crop in C1 and C2 (Eq.(4)). 
ASW_C1(t) and ASW_C2(t) are decided by evaporation(EV(t), mm), potential transpiration 
vitness(vTRP(t), mm), transpiration of C1(TR_C1(t), mm), transpiration of C2 (TR_C2(t), mm), a 
transpiration stress (FHTR(t)), and root growth (dRoot(t)) (Eq.(2)(3)). Rain(t) is precipitation. D1(t) and 
D2(t) are respectively soil water volume sinking into deeper layer. C1 and C2 have transpiration, and C1 
has evaporation. At last, FTSW(t) can be obtained in Eq.[5]. 
 
MSW(t) = (Hcc-(Hpf*IE_gen))/100*da*(C1+C2)      (1) 
ASW_C1(t) = ACWC1(t-1) +Rain(t) + Irrigation(t) - TR_C1(t) – EV(t) - D1(t)   (2) 
ASW_C2(t) =ASW_C2(t-1) + D1(t) - TR_C2(t) + dRoot(t) * (ASW_C3(t-1)/C3(t-1))  (3) 
ASW(t) = ASW_C1(t) + ASW_C2(t)           (4) 
FTSW(t) =ASW(t)/MSW(r)        (5) 
 
When FTSW indicates a water deficiency, a certain amount of irrigation is supplied to prevent the crop 
from functional limitation. Fig. 2 illustrates simulated FTSW differences between the case with irrigation 
and without irrigation. Clearly the irrigation case improved FTSW and relieved water stress. 
2.2. Simulation Experiments  
Three series of data are utilized, including a European irrigation map, an environmental information 
database, and genotypic parameters. The European irrigation map supplies knowledge for location 
selections in our experiments. The majority of irrigated areas are concentrated in the Mediterranean 
region. France, Greece, Italy, Portugal, and Spain account for 12 million ha corresponding to 75% of the 
total area equipped for irrigation in EU-27[8]. From a global irrigation map, named GMIA [9], 25 regions 
with different irrigation density in above 5 countries are chosen (see Figure 3).  
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Fig. 3. (a) Left: irrigation regions in GMIA map (yellow to blue: more irrigation); (b) Right: 25 farming regions (stars) in simulation  
The environmental information used as a simulation input comes from ENSEMBLES dataset. There 
are environmental data for the above European locations, including temperature, radiation, precipitation, 
evaporation. Data from 1951 to 2011 are used for past irrigation examination, and those from 2011 until 
2100 are used for irrigation evolution prediction, based on climatic data simulation. Genotypic parameters 
are measured parameters of botanical experiments by SupAgro Montpellier [6]. 20 sunflower genotypes 
are concerned (see Table 1). We developed a tool to simulate irrigation demand and plant growth features 
for multiple scenarios. It can compare irrigation and harvest for chosen scenarios and recommend a 
corresponding genotype and region. It also produces harvest and irrigation evolution graphs. The tool is 
available on the platform PYGMALION developed in Digiplant in Ecole Central Paris, France. 
Table 1. 20 sunflower genotypes concerned for irrigation demand simulations 
Sunflower Genotypes Names 
Peredovik INRA6501 Rémil Airelle Relax Mirasol Primasol Cargisol Viki Frankasol 
Albena Vidoc Euroflor Santiago DK3790 Prodisol Melody LG5660 Allstar Heliasol 
3. Results 
Using the above data and our simulator, we produced a collection of irrigation demand simulations. 
Our irrigation demand simulations qualitatively agree with real observations. In Fig. 4, two irrigation 
maps are contrasted. The left is an irrigation map GMIA [9]. The right is our irrigation demand simulation. 
They have a similar pattern of irrigation demand differences between regions. This result provides 
support for the reliability of our irrigation simulation tool.  
 
 
Fig. 4. Contrast of irrigation demand between GMIA map and simulations; (a) Left: GMIA map; (b) Right: simulation map 
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Fig. 5. Evolution graphs for 20 sunflower genotypes from 1990 to 2100 and their moving average; (a) Top left: irrigation demand 
evolution; (b) Top right: harvest evolution; (c) Bottom left: irrigation moving average; (d) Bottom right: harvest moving average 
The evolutions of irrigation demand and harvest amounts have been produced for 1951 to 2100. An 
example illustrated in Fig. 5 is the harvest and irrigation evolution of all genotypes from 1990 to 2100. 
The genotype “Melody” offers the biggest harvest in the future, but its irrigation amount is also high. 
There are two levels of irrigation demand. Most genotypes are in the smaller one. So it’s possible to find a 
genotype with the small level irrigation, but with a comparably big harvest. The genotype “Euroflor” fits 
the standard. It has the second largest harvest. Although this amount is less than the one from “Melody”, 
its large irrigation saving could make up for the loss. Especially in drought regions, it could be a good 
selection for water sustainability reasons. Generally speaking, the harvest evolution is decreasing, and the 
irrigation evolution has a slight tendency to increase in simulations. This is not in agreement with reality 
as the sunflower harvest has increased in the last few decades, because the simulation ignores genotype 
evolution and other positive factors. This statement of harvest evolution is made by only considering 
climate change in long time range. It predicts a negative influence of future climate in both harvest and 
irrigation. While harvest has been widely recognized to face potential declines because of water shortage 
and potential increase of farming land, this conclusion puts more pressure. Our irrigation optimisation 
strategy on appropriate genotype and farming region selection is one way to mitigate it.  
 
 
Fig. 6. Harvest and irrigation comparisons; Horizontal axis is ordered genotypes in Table 1; (a) Left: region 3; (b) Right: region 16 
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Fig. 7. Harvest and Irrigation for sunflower genotypes in 25 regions; (a) Left: genotype “Remil”; (b) Right: genotypes “Melody” 
Comparisons are carried out among genotypes for particular regions. For example, for two farming 
regions location 3 in France and location 16 in Greece, the total irrigation demand and harvest of 20 
genotypes is shown in Fig.6. For location 3, the genotype “Melody” has a distinctly higher harvest and a 
slight higher irrigation demand than the others. Therefore it is recommended for this region. For location 
16, the biggest harvest genotype is still “Melody”, but it requires substantial irrigation. Searching for a 
genotype that has smaller irrigation demand will result in a reduced harvest. The genotype “Heliasol” has 
the second largest harvest with a clear decrease of irrigation. This genotype is preferred considering the 
drought condition in this area. Comparisons are also made among regions for particular genotypes. For 
example, Fig.7 illustrates the irrigation demand and harvest for genotype “Remil” and ‘Melody” in 25 
farming region. Irrigation amounts vary widely among regions, whilst harvest levels are sorted in little 
various levels. The best farming region for “Melody” is location 19 in Portugal, because it has a low 
irrigation demand and a comparably good harvest. Compared with location 16 in Greece, its irrigation 
amount is 10 times smaller, and its harvest is bigger. Compared with location 1 in France, its harvest is a 
slightly smaller, but its irrigation demand costs 10 times less. Selections require a compromise between 
irrigation and harvest, and depend on the project objectives and actual situation, such as the irrigation 
capacity.  
4. Discussion 
In this paper it is proposed to use crop genotype selection and farming region control for irrigation 
optimization and improving water sustainability. A tool is developed for offering irrigation demand and 
harvest amount information for three dimensional scenarios: diverse genotypes, multiple farming regions, 
and a long timeframe. A preliminary study and analysis are carried out on a crop sunflower with 20 
genotypes, 25 European farming regions, and over 150 years, in order to demonstrate the proposition and 
to test the tool. This study results in a methodology usable in future research, to study interactions 
between irrigation, crop genotypes and the environment.   
Our results are very encouraging. Firstly, this kind of simulation offers a large number of characteristic 
features for various contrasting scenarios. Moreover, for diverse genotypes and farming regions, the 
simulation results predict a variety of distinct irrigation demands and harvest amounts. This indicates that 
appropriately selecting a combination of these parameters can result in improved results. Secondly, these 
simulations qualitatively produce a good fit to real data. This suggests that it is reliable to use simulated 
information and that we may have confidence in our analysis. Lastly, rules to achieve optimal results are 
explored. Particular analyses proved that proper selection of the genotype and farming region may save a 
considerable amount of water for irrigation. For concrete policy decisions, selection rules integrate the 
project objective, the yield requirements, the irrigation budget, and the technological level available in the 
target location. Using the dynamic system formulation of the plant growth model, the tool develops 
numerical optimisation techniques to determine multi-constraint optimal farming strategies [10] [11]. 
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This simulation tool can be applied easily to irrigation demand problems for other crops in other 
scenarios. An effective water sustainability management requires global crop and farming region control. 
Although the tool produces reasonable simulation results, it can still be improved. The quantity of 
irrigation and harvest amount forecast by our simulations should not be considered as scientifically 
proven at this stage. More real data for sunflower harvest and irrigations need to be gathered for model 
calibration. Moreover, the modelling could consider more factors such as irrigation techniques and 
management. 
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